ABSTRACT. The electrochemical synthesis of poly(N-phenylpyrrole) film was achieved on pretreated iron and platinum electrodes in acetonitrile solutions containing 0.1 M N-phenylpyrrole as the monomer and 0.1 M tetrabutylammonium trifluoromethane sulfonate (Bu4NCF3SO3) as the supporting-salt. The results showed that a surface treatment by 10 % aqueous nitric acid inhibits iron dissolution without preventing the N-phenylpyrrole oxidation. Very strongly adherent films were obtained at constant-potential, constant-current and cyclic voltammetry. XPS measurements, infrared (FT-IR) and electronic absorption (UV-vis) spectroscopies were used to characterize the iron and platinum-coated electrodes. Finally the anticorrosion properties of the PφP film were evidenced.
INTRODUCTION
Generally, the electropolymerization of heterocyclic compounds like pyrrole, thiophene and their derivatives, is easily anodically performed on inert substrates such as platinum, gold, glassy carbon and graphite under various conditions [1] [2] [3] [4] [5] [6] [7] . The films electrodeposited on these electrode surfaces constitute promising materials for practical applications [8] [9] [10] , owing to their good environmental stability, electrical conductivity, mechanical and luminescence properties. The synthesis and corrosion protection ability of conducting polymer films have been studied since many years [11] [12] [13] [14] .
These coatings constitute a physical barrier between the corrosive environments and the metal, but also provide anodic protection to substrate. Recently, it has been shown that organic conducting polymers may be used as environmentally friendly-conversion coatings for protecting stainable metals against corrosion [15] [16] . Polypyrrole and derivatives are one of the most important classes of conducting polymers in the context. They are insoluble in most of the common solvents and may be used in many chemical environments. However, the electrodeposition of pyrrole and its derivatives like N-phenylpyrrole on oxidizable metals such as iron is more problematic: (i) the first drawback is linked to the strong anodic dissolution of the metal (E eq (Fe 2+ /Fe) = -0.41 V/SCE) [17] before the oxidation of the monomer [18] , which prevents the occurrence of the electropolymerization reaction on the iron electrode; (ii) the second problem is generally due to the decomposition of some salts used at metal-film interfaces, as described by Ferreira et al [19] ; and (iii) the last reason is due to the fact that the electropolymerization process of most of the monomers is easier in acid nucleophilic solvents like acetonitrile; whereas these media are thermodynamically favourable to the dissolution of iron. The only possible solution of this problem is to optimize the experimental conditions permitting to slow down the dissolution rate of the metal without stopping the electropolymerization process. Two strategies are generally employed: (i): select the convenient medium parameters (solvent, salt…), and (ii): pretreat the metal surface by using inhibiting solutions like dilute aqueous nitric acid (10 %) as described by Ferreira et al. [15] . Since Skotheim et al. realized in 1982 the electrodeposition of polypyrrole on oxidizable metals in organic media [20] , lot of efforts have been devoted to achieve the protection of oxidizable metals by using organic conducting polymers. Stevens et al. [21] obtained a fibrillar polypyrrole on several types of metallic electrodes (Ti, Al, Fe…) by using a solution of tetraethylammonium tosylate in propylene carbonate. Also, the feasibility of the electrodeposition of polypyrrole in the presence of nitrate as electrolyte, but not with (BF 4 -, ClO 4 -or SO 4 -) has been previously reported [22] . Furthermore, Ferreira et al. [15] obtained a very adherent, thickness-controlled polypyrrole by chronopotentiometry in various aqueous media containing Na 2 SO 4 , K 2 C 2 O 4 or KNO 3 . In our laboratory, the 3-methoxythiophene (MOT) electropolymerization was performed on Pt and Fe electrodes in an aqueous micellar medium containing sodium dodecylsulfate and 10 -3 M bithiophene (BT). The oxidation potential of MOT was found to be lower than that of unsubstituted thiophene, because of the electrodonating properties of the methoxy group. Also, the electrocatalytic effect of BT in the electropolymerization process, allowing the electrodeposition of PMOT-PBT coatings on iron [17] has been evidenced. Electroactive, homogeneous and adherent poly (3-methoxythiophene)-polybithiophene (PMOT-PBT) composite films composed of oligomers, including PMOT and PBT, and traces of copolymers, have been electosynthesized.
In the case of N-substitued pyrrole, some authors have already described its electrochemical polymerization [3, 5, 7, 11] . Indeed, in our previous works [23, 24] , we studied the poly(Nphenylpyrrole) electrosynthesized on Pt, in organic and micellar media. However, to the best of our knowledge, the use of iron electrode for the electrodeposition of poly(N-phenylpyrrole) has not been reported.
The goal of this study is to realize the electrodeposition of a homogeneous and strongly adherent poly(N-phenylpyrrole), (referred hereafter as PφP) on iron and platinum substrates and to investigate its electrochemical and spectroscopic properties. The aim is to see how the coverage of the oxidizable metals like iron by PφP could prevent corrosion. The use of phenyl substituent is motived by its electrondonating properties.
EXPERIMENTAL
Acetonitrile, Bu 4 NCF 3 SO 3 and N-phenylpyrrole was purchased from Aldrich and used as received. The electropolymerization was performed in organic medium, containing 0.1 M of Bu 4 NCF 3 SO 3 and 0.1 M of N-phenylpyrrole.
The electrochemical measurements were performed in a one-compartment three electrodecell with an EG & G Princeton Applied Research Potentiostat. The working electrode was either a platinum disc (5 mm diameter) or rectangular iron sheets (1 x 4 cm 2 ). Before use, the iron electrode was treated with 10 % (wt.) nitric acid. The films were deposited by the potentiodynamic, potentiostatic or galvanostatic methods, and characterized by UV-visible, FT-IR and XPS spectroscopies. Absorption spectra were recorded for films electrodeposited on ITO (indium-tin oxide) sheets, using a Lambda 2 Perkin Elmer UV-vis spectrometer. IR spectra were recorded on a Nicolet 60 SX FT-IR spectrometer. The X-photoelectron (XPS) analysis was carried out with a VG Escalab MK1 apparatus.
RESULTS AND DISCUSSION

Electrodeposition of the films on Pt
Upon scanning repetitively the potential between 0 and 1.3 V vs. SCE at 100 mV s -1 in the selected organic medium, we observed the electrodeposition and growth of a thick, green PφP film on the Pt electrode surface. As can be seen in Figure 1 , the voltammogramms are characterized by anodic peaks, located at 0.7 V/SCE, corresponding to the film oxidation, in addition to one relative cathodic peak appearing at 0.55 V which is assigned to the reduction of the oligomers already formed. 
↓
The electropolymerization of N-phenylpyrrole was also performed by chronoamperometry at potentials of 1.10, 1.15, 1.20, 1.30, and 1.40 V/SCE (Figure 2 ). Chronoamperometric curves obtained on Pt electrode show the three phases described in the literature [25] : phase of nucleation (1), coupling phase (2) and phase of growth and doping (3). The electropolymerization occurs when the potentials raises 1.15 V/SCE. From this value, the polymerization currents are constant after the nucleation growth phase and homogeneous, adherent, electroactive PφP films are formed on the Pt electrode. Finally, we realized the electrosynthesis of PφP by the galvanostatic mode. The chronopotentiometric curves obtained at current densities ranging from 0.125 to 0.5 mA/cm 2 ( Figure 3) shows that the N-phenylpyrrole polymerization process begins at very low current densities, leading to homogeneous and adherent films. For current densities close to 1 mA/cm 2 , the corresponding curves are characterized by a first plateau potential at around 0.9 V/SCE corresponding to the formation of PφP films, followed by a rapid potential increase and a second plateau at 2.2 V/SCE. In this case, the films formed were not electroactive, because the deposit was much degraded (Figure 3) .
The PφP oxidized and reduced forms were found to be insoluble in the common solvents, indicating probably a high polymerization degree. 
Electrodeposition of PφP on Fe
We investigated the feasibility of the N-phenylpyrrole electropolymerization on the iron electrode in an acetonitrile solution containing 0.1 M of Bu 4 NCF 3 SO 3 and 0.1 M of Nphenylpyrrole. The potential was scanned between 0 and 1.3 V/SCE at 100 mV s -1 ( Figure 4 ). As shown in Figure 4a , when the potential scanning started at 0 V/SCE, a broad peak appeared at around 0.4 V/SCE due to the iron oxidation process [15, 17, 18] . In the first cycle, we note a broad band assigned to the iron dissolution. After 1 V/SCE, the oxidation of the monomer starts and the substrate is partially covered by the film. During the reverse scanning, the PφP already formed is reduced. In the following cycles, the current intensity diminishes because the electrode is more significantly protected. After 5 cycles, the current density increases, showing the regular formation and growth of the PφP film (Figure 4b ). The iron corrosion phenomena are attenuated because the electrode is entirely covered by the film and then passivated. The peaks noted between 0.4 and 0.8 V/ECS are attributed to the polymer oxidation (doping). They however may include the oxidation of some ferrous ions entrapped in the polymer matrix during the reduction, into ferric ions. In the cathodic part, we observe a decrease in the current density due to the reduction of the polymer (dedoping) and probably of the iron oxides and/or hydroxides formed because of the presence of residual amounts of water in acetonitrile (Figure 4a ). The voltammogramms obtained on Fe after 5 cycles become quasi similar to those recorded on the Pt electrode. ions in the former case. This result is similar to that obtained in the case of poly(3-methoxythiophene) electrodeposited on iron [16] .
Electrochemical properties of the films
The electrochemical properties of PφP, electrodeposited by cyclic voltammetry (20 cycles) on Pt and Fe electrodes, were studied in acetontrile solution containing 0.1 M of Bu 4 NCF 3 SO 3 . The voltammogramms exhibit well defined, reversible redox peaks at 0.70 V/SCE and at 0.55 V/SCE on Pt in the anodic and cathodic regions, respectively. On Fe, the corresponding peaks are located at 0.8 and at 0.5 V/SCE ( Figure 5 ). These peak intensities are found to vary linearly with the scan rate and this result points to a surface confined redox system [4, 19] . 
Films characterizations
The structure of N-phenylpyrrole and PφP films, obtained on Pt and Fe electrode, was studied using UV-visible, FT-IR and XPS spectroscopy.
UV-VIS absorption spectroscopy.
The UV-visible absorption spectra of oxidized and reduced PφP films electrosynthesized on ITO plaques were recorded. The PφP main absorption band at 357 nm, more important in reduced form, can be attributed to the π-π* delocalized transition in the polymer. The second larger band in the region of 520-620 nm, which disappeared in the reduced form, is assigned to the π-π* transition of the conjugated cationic segments of the polymer with the salt (polaronic or bipolaronic forms). These wavelengths values are close to those reported for polypyrrole and its derivatives [5] .
FT-IR spectroscopy. The main bands of the monomer and the polymer were obtained, respectively, on KBr pallet and on Pt and Fe electrodes ( Table 1 ). The assignments are in good agreement with those already found in the literature [5, 14, [26] [27] [28] . The two strong bands, visible at 1015 and at 719 cm -1 in the monomer spectrum and characteristic of unsubstituted pyrrole 4-adjacent hydrogen vibrations (ν C-H ), disappeared in those of the polymers. In addition to the band observed near 1030 cm -1 , assigned to the C-H deformation vibration for 2-adjacent hydrogen in the polymer spectra, proved the polymerization in the 2,5 positions [26] . According to the vibrations found in the spectra and shown in Table 1 , we can conclude that films obtained in Pt and Fe electrodes have the same structure. XPS analysis. The XPS analysis was performed on Pt and Fe electrodes covered by PφP oxidized films, obtained by the potentiostatic method at constant potential of 1.3 V/SCE (t = 5 min). The spectra exhibit generally peaks of F, O, C, S, N, indicating the formation of PφP film doped with CF 3 SO 3 -anion. The deconvolution of the carbon peak showed the same species (Figure 6 ), meaning also a similar structure of films electrodeposited on iron and on platinum. The C1s spectra displays four peaks, one at 285 corresponding aromatic and aliphatic carbon atoms coupled (C-C, C=C). The second at 286 eV due to the C=N and C-N + . The third one at 288 eV ascribed to C=O and C=N + meaning a film degraded. And the last one at 289 eV is corresponding to the contamination of electrode area by CO 2 in air [6, [29] [30] .
Corrosion tests
In order to explore the possible iron corrosion inhibition properties of the covering PφP film, we performed linear potential scans at ν = 2 mV/s in a characteristic region, involving only the iron oxidation process, i.e. from -450 to +450 mV/SCE. In this domain, the doping process does not take place. We used an aqueous NaCl solution (3 %). The curve recorded for naked (untreated) iron is considered as a reference (Figure 7 ). The film was obtained by applying a potential E = 1.2 V/SCE during 7 min on iron electrode treated with 10 % HNO 3 . The PφP-modified iron electrode showed an important decrease of current densities relative to untreated and acid_treated iron electrodes, indicating that the polymer film acts as a barrier for iron dissolution [7, 31] . 
CONCLUSIONS
We have shown that the deposition of poly-N-phenylpyrrole on iron can be successfully realized by the electrochemical means, after pretreatment of the substrate with diluted nitric acid. The strong adhesion of PφP coatings makes the polymer potentially interesting as the barrier action against corrosion. In addition, the rate of the anodic dissolution of the iron electrode can be considerably decreased during the electrochemical polymerization of N-phenylpyrrole. The coverage of the iron is achieved after only five scan cycles. The electrochemical and spectroscopic characterizations of the films obtained on iron and platinum revealed very electroactive, homogeneous and adherent films with a similar structure. 
AKNOWLEDGEMENTS
